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Abstract
Objectives—Recent investigations have associated airborne Particulate Matter (PM) with
increased coagulation and thrombosis, but underlying biological mechanisms are still incompletely
characterized. DNA methylation is an environmentally-sensitive mechanism of gene regulation
that could potentially contribute to PM-induced hypercoagulability. We aimed to test whether
altered methylation mediates environmental effects on coagulation.

Methods—We investigated 63 steel workers exposed to a wide range of PM levels, as a work-
related condition with well-characterized prothrombotic exposure. We measured personal PM10
(PM≤10 μm in aerodynamic diameter), PM1 (≤1 μm), and air metal components. We determined
leukocyte DNA methylation of NOS3 (nitric-oxide-synthase-3) and EDN1 (endothelin-1) through
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bisulfite-pyrosequencing and we measured Endogenous Thrombin Potential (ETP), as a global
coagulation-activation test after standardized triggers.

Results—ETP increased in association with PM10 (β=20.0, 95%CI: 3.0, 37.0), PM1 (β=80.8
95%CI: 14.9, 146.7), and zinc (β=51.3, 95%CI: 0.01, 111.1) exposures. NOS3 methylation was
negatively associated with PM10 (β=−0.2, 95%CI: −0.4, −0.03), PM1 (β=−0.8, 95%CI: −1.4,
−0.1), zinc (β=−0.9, 95%CI: −1.4, −0.3) and iron (β=−0.7, 95%CI: −1.4, −0.01) exposures. Zinc
exposure was negatively associated with EDN1 (β=−0.3, 95%CI: −0.8, −0.1) methylation. Lower
NOS3 (β=−42.3; p<0.001) and EDN1 (β=−14.5; p=0.05) were associated with higher ETP.
Statistical mediation analysis formally confirmed NOS3 and EDN1 hypomethylation as
intermediate mechanisms for PM-related coagulation effects.

Conclusions—Our study showed for the first time, that gene hypomethylation contributes to
environmentally-induced hypercoagulability.
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Air pollution; DNA methylation; coagulation

INTRODUCTION
DNA methylation is an epigenetic mark regulating the expression of human genes that is
being increasingly proposed as a potential molecular mechanism underlying cardiovascular
risks1. DNA methylation usually marks genes that are silenced, whereas hypomethylated
genes are more accessible to transcription factors and therefore active or poised to be
activated2. It represents an attractive potential disease mechanism because it can be modified
by environmental risk factors2 and, might help to explain how the environment imposes
aberrant gene expression reprogramming that can result in increased disease risk1. Several
investigations have shown that environmental exposures are associated with changes in
DNA methylation that can be detected in blood DNA samples2. Air pollution is a pervasive
environmental threat that has been estimated to be responsible for ~800,000 deaths every
year worldwide, mostly due to cardiovascular disease3. Ambient particulate matter (PM) has
been associated with increased hospitalization and mortality due to cardiovascular disease in
the general population3. The particulate component of PM has been associated with
increased coagulation and risk of venous thrombosis.1,4 Potential causes for PM-related
hypercoagulability include a direct effect of soluble PM components (such as metals) or
ultrafine particles reaching the bloodstream, or a possible indirect effect following PM-
induced pulmonary inflammation via release of inflammatory mediators, increased
microvascular activation, and thrombosis5. DNA methylation has been shown to regulate
biological processes underlying cardiovascular disease, such as inflammation and immune
responses.1 In a previous study, we found an association between the expression of the
inflammatory marker V-CAM and blood DNA hypomethylation6. PM or PM components,
such as toxic metals, that enter into the bloodstream can react with DNA and induce
hypomethylation.7 Human investigations have shown association of PM exposure with
decreased DNA methylation, in peripheral blood of exposed individuals8 However, no study
has yet linked changes in DNA methylation resulting from environmental exposures with
biological endpoints participating in the pathways leading to altered coagulation. In the
present work, we investigated blood DNA methylation of Nitric Oxide Synthase 3 (NOS3)
and Endothelin-1 (EDN1) in a group of steel workers exposed to different levels of metal-
rich air particles, as potential intermediate along the pathways contributing to the systemic
pro-coagulant effects of PM. NOS3 and EDN1 have proinflammatory activity in human
circulating leukocytes9,10NOS3 generates both nitric oxide (NO) and superoxide and it has
been shown to determine oxidative stress through preferential generation of superoxide in
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the presence of pathological conditions, such as atherosclerosis or hyperlipidaemia11.
Oxidative stress has been extensively implicated in PM-induced inflammatory responses,12

and may enhance blood coagulation and thrombosis.13 Whereas widely regarded as a
vasoconstrictor, EDN1 has been shown to be a primary contributor in blood coagulation
activation.14EDN1 may exert procoagulant effects by increasing vWF-Ag levels, and induce
systemic activation of coagulation in animals.14 Transcription of both genes has been shown
to be controlled by promoter DNA methylation.15,16

Foundry work is a specific condition of exposure, particularly well-suited for investigations
of PM effects. In spite of state-of-art measures for exposure reduction, in modern foundry
facilities some of the workers are still exposed to levels of airborne PM well above those
found outdoors7. Because of the different proximity to emission sources, foundry workers
are exposed to a wide range of PM levels, from low to very high7. As work routines have
usually little variation over time, the differences in PM exposure levels tend to remain quite
stable across participants, thus allowing investigating individuals with wide and stable
contrasts of exposures without the need for an unexposed control population4. Airborne PM
in foundry facilities is rich in metals4, which have been indicated as remarkably toxic
components of ambient PM17. Metals contained in PM have been linked to cardiovascular
diseases both in animal17 and human studies18. It has been shown that treatment with the
water-soluble fraction of PM significantly accelerated the whole blood coagulation time in
vitro19. Zinc was found to be the metal with the greatest procoagulant effect19. Zinc, a
common constituent of ambient PM and a workplace toxin, can lead to functional changes in
the lung and subsequent systemic inflammation and cardiovascular alterations in humans20.
Animal rat models have demonstrated systemic inflammation and procoagulant effects
following pulmonary zinc exposure21.

Endogenous Thrombin Potential (ETP) is a global functional assay that describes overall
coagulability and represents the time course of formation and decay of thrombin, a key
enzyme in clot formation in response to triggering by low levels of tissue factor and/or
calcium chloride22. ETP decreases in patient with anticoagulant treatment23, increases in
patients with thrombophilia24, and has been correlated with higher risk of venous
thromboembolism25. A recent study, has also demonstrated that ETP, measured in the
presence of thrombomodulin, increased in association to PM exposure.26

The aim of our study was to investigate the effects of PM and its metal components on blood
DNA methylation of NOS3 and EDN1 and to evaluate the associations of NOS3 and EDN1
methylation with ETP, taken as a global coagulation test, in order to characterize possible
links among PM and metal exposure, DNA methylation, and prothrombotic states. We used
mediation analysis to formally characterize for the role of DNA methylation as an
intermediate process linking PM and metal exposures to increased coagulation function.

MATERIAL AND METHODS
Study Participants

We recruited 63 male healthy workers (27–55 years; mean=44 years,), free of cardiovascular
disease, employed in a steel production plant in Brescia, Northern Italy. Participants were
recruited in different work areas to ensure a wide range of exposure levels and had all been
working in the current job position for at least one year. Twenty-five participants (40%)
were current smokers, who reported a mean number of 13.0 (SD=7.2) cigarettes smoked
every day. The average body mass index (BMI) of the study participants was 26.5 Kg/m2

(SD=2.7). A self-administered questionnaire was used to collect detailed information on
lifestyle, drugs intake and recent medical conditions. Factory's clinical files were used to
abstract information on occupational and past medical history. To enhance statistical power
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and avoid potential masking of effects due to day-to-day variability, we evaluated both DNA
methylation and ETP on blood samples collected from the study participants on two
different days of the same workweek: respectively in the morning of the first day of the
workweek (sample 1) and at the same hour on the fourth day of work (sample 2). Individual
written informed consent and approval from the local Institutional Review Board were
obtained before the study.

Exposure assessment
Particle mass (PM10 and PM1) and individual particle metal components (aluminum,
manganese, nickel, zinc, arsenic, lead, iron and chromium) were measured as previously
described26.

DNA methylation analysis
Seven ml of blood were drawn and DNA extraction, bisulfite treatment, and PCR-
pyrosequencing were performed as previously described27. We developed the assays for
NOS3 and EDN1 methylation by locating their promoters using Genomatix Software
(Genomatix Software Inc, Ann Arbor, MI) and amplified the sequences as shown in table
S1. (Primer concentrations and sequences, and PCR cycling conditions are shown in Tables
S2–S3). We developed pyrosequencing assays by selecting amplicons in promoter CpG-rich
areas. We designed the assays to cover the greatest number of CpG sites possible within the
promoter region, taking into account the limitations of the method, (PCR amplicon <= 350
bp, primers that avoided CpGs, target sequence <=40bp). Compared to other common
methods of DNA methylation analysis, pyrosequencing-based assays have the advantage to
produce individual measures of methylation at more than one CpG dinucleotide, thus
reflecting more accurately DNA methylation in the region. In each assay we measured
%5mC at different CpG dinucleotides within a CpG island located in the gene promoter
(Table S1). Each sample was tested twice for each assay to increase reliability. In statistical
analyses, we used the average of the two analytical replicates for each sample. Even the
single replicates, however, showed limited measurement error, as indicated by the high
correlation coefficients between the two measures obtained on the same sample. The
correlation coefficients between the two replicates were for EDN1, 0.99 (95% CI: 0.99–
1.00) in sample 1 and 0.99 (95% CI: 0.98–0.99) in sample 2, and for NOS3, 0.90 (95% CI:
0.85–0.95) in sample 1 and 0.84 (95% CI: 0.77–0.92) in sample 2. To increase the
reproducibility all pyrosequencing assays were run in duplicate.

Endogenous thrombin potential (ETP)
Blood for ETP testing was drawn into vacuum tubes (Becton Dickinson, Meylan, France)
containing 0.109 M trisodium citrate at a ratio of 9:1 (blood/anticoagulant) and centrifuged
for 15 minutes at 2,880g at room (controlled) temperature and plasma was aliquoted in
plastic tubes, quickly frozen in liquid nitrogen and stored at −80°C until testing.

As previously described in detail, ETP – representing the plasma balance between the action
of pro-coagulants and anti-coagulants – was measured through a thrombin generation assay,
and in the presence of thrombomodulin to mimic much more closely the conditions
operating in vivo 26

Statistical analysis
Effect of the exposures on DNA methylation—For each subject, we measured DNA
methylation in two blood samples (sample 1 and 2) collected on two days of the same
workweek. In each blood sample, the pyrosequencing-based DNA methylation analysis
produced three values for NOS3 (methylation at three CpG dinucleotide positions) and four
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for EDN1 (methylation at four CpG dinucleotide positions). Thus, we assumed DNA
methylation data has a nonhierarchical structure where participants are cross-classified by
blood samples and CpG dinucleotide sites, with each subject potentially belonging to any
combination of levels of different factors.

We use linear mixed-effect model, to take into account each CpG dinucleotide position
measured in the two samples7,27.

This modeling approach allows for obtaining a robust estimate of the average global effect
on DNA methylation in the gene, while fully representing the individual CpG resolution of
the data. To identify the associations of the exposures with DNA methylation, we evaluated
the level of each exposure in relation to the measures of DNA methylation regardless of
whether they were measured on samples 1 or sample 2, i.e., we assumed that exposure
produced similar effects at the two time points. We estimated the effects of PM10, PM1, or
PM metal components on DNA methylation using the following model:

(1)

where β0 is the overall intercept; β1 is the regression coefficient representing the exposure
effect; β2 is the regression coefficient for the difference between Samples 1 and 2; β3 is the
regression coefficient for the difference between CpG dinucleotides position; i=1,2,…,63
represents the subject; j=1,2…n (where n=3 for NOS3 and n=4 for EDN1) represents the
CpG dinucleotides position; k=1,2 represents the sample, ξijk is the random effect for the
interaction between position and sample for each subject and εijk is the residual error term.
Multivariate models included as potential confounders: age, BMI, current smoking status
(yes/no), NSAIDs and percent monocytes in the differential blood count. The percent
monocytes variable was fitted to account for possible variation in the proportion of
leukocytes subtypes associated with the exposures. Models adjusted for granulocyte or
lymphocyte proportions, instead of monocytes, produced similar results (data not shown).
An unstructured covariance structure was used to model the within-subject errors. The
Kenword–Roger approximation was used to estimate denominator degrees of freedom.
Significance tests were based on least squares (LS) means and Type III sums of squares.

Effect of exposures on ETP—The effect of PM mass and PM metal component on ETP
was estimated with the following model:

(2)

where β0 is the overall intercept; β1 is the regression coefficient representing the exposure
effect; i=1,2,…,63 represents the subject; j=1,2 represents the sample; ξij is the random
effect for sample and each subject and εij is the residual error term. In these models, we
included as independent variables the same covariates as in model (1).

Effect of DNA methylation differences on ETP—We evaluated the association of
NOS3 and EDN1 DNA methylation with ETP, using linear mixed-effect models:

(3)

where β0 is the overall intercept; β1 is the regression coefficient representing the DNA
methylation effect; i=1,2,…,63 represents the subject; j=1,2 represents the sample; ξij is the
random effect for the sample and subject, and εij is the residual error term. Likelihood ratio
tests were used to test for the significance of β1. The same covariates used in model (1) were
included as independent variables.
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General procedures used in mixed-regression models—For each of the models
described above, we checked regression assumptions by performing diagnostic tests,
including the Shapiro-Wilk test to verify normality of residuals and the White test to verify
homogeneity of variance of the residuals. Cook's distance was use to estimate the influence
of particular data points to avoid that large or high residuals could distort the accuracy of the
linear regression models. For all models, we conducted an exploratory set of analyses
modelling each individual CpG position separately. The results from these set of models
were less robust than those from the global modelling approach described above, as
indicated by larger confidence intervals for the analyses on individual CpG site. In general,
the associations with individual CpG positions were similar in direction and size within each
amplicon. Only the results for the global tests reflecting the average association with
methylation in the amplicon analysed are reported throughout the paper. The β regression
coefficients were scaled to represent the increase in the dependent variable estimated for an
increment equal to the difference between the 75th and 25th percentile in the independent
variable. A p-value <0.05 was considered statistically significant.

Mediation analysis—Finally, we performed mediation analysis28 to explore the role of
DNA methylation as a mediator of the association between exposures and ETP. This
approach decomposes the total observed effect of exposure on ETP into a direct effect of
exposure and an indirect effect of exposure that acts via the mediator of interest (i.e., DNA
methylation). Mediation analysis requires a significant relation of the outcome to the
exposure, a significant relation of the outcome to the mediator and a significant relation of
the mediator to the exposure; as potential mediators, we therefore analyzed only the
methylation markers that satisfied all these assumptions. We assessed the indirect effect (IE)
of DNA methylation with the classic casual step approach29; we fitted the linear mixed
model of ETP on DNA methylation and exposures and the model of DNA methylation on
exposures, using the estimates of these model to assess the mediation effect of the exposures
through DNA methylation (indirect effect)28. All statistical analyses were performed in SAS
9.2 (SAS Institute Inc., Cary, NC, USA).

RESULTS
Personal exposure levels

Estimated personal levels of exposure to PM and metals are shown in Table 1. For instance,
PM10 ranged between 73.7 and 1220.2 (mean=233.4; SD=214.6), PM1 between 1.7 and
30.5, (mean=8.5; SD=6.2), and zinc between 0.3 and 129.1, (mean=18.9; SD=26.4).

Effects of PM and metal component on methylation
In unadjusted models, PM10 and PM1 levels were significantly associated with decreased
NOS3 methylation (Table 2). Zinc levels were significantly and negatively associated with
both NOS3 and EDN1 methylation. In covariate-adjusted models, PM10 and PM1 levels
were significantly associated with decreased NOS3 methylation (β=−0.2 95%CI: −0.4;
−0.03, for PM10; and β=−0.8, 95%CI: −1.4; −0.1, for PM1), zinc levels were significantly
and negatively associated with both NOS3 and EDN1 methylation (β=−0.9, 95%CI: −1.4;
−0.3, and β=−0.3, 95%CI: −0.8; −0.1, respectively) and iron showed a borderline-significant
negative association with NOS3 methylation (β=−0.7, 95%CI: −1.4; −0.01)

Effects of PM and metal components on ETP
We found that both PM10 and PM1 were positively and significantly associated with ETP.
Multivariable regression models adjusting for age, BMI, current smoking status (yes/no),
NSAIDs and percent monocytes, confirmed the positive associations of PM10 (β=20.0
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95%CI 3.0; 37.0) and PM1 (β=80.8 95%CI 14.9; 146.7) with ETP and a positive significant
association of zinc (β=51.3 95%CI 0.01; 111.1) with ETP (Table 3).

Association of NOS3 and EDN1 methylation with ETP
We found negative significant associations between NOS3 methylation and ETP (β=
−42.3p<0.001; Figure 1, panel A), and between EDN1 and ETP (β=−14.5, p=0.05, Figure 1,
panel B). Neither NOS3 nor EDN-1 methylation were significantly associated with plasma
CRP (p>=0.17), an inflammatory marker previously associated with PM exposure in this
same study population26.

Mediation analysis
We used mediation analysis to formally test whether the associations of PM1, PM10, and
zinc with ETP were mediated by NOS3 and EDN1 hypomethylation. In mediation analysis,
NOS3 hypomethylation was estimated to mediate 29% of the positive association between
PM10 exposure and higher ETP (Figure 2A, Indirect Effect: 26.23); 26% of the association
between PM1 exposure and higher ETP (Figure 2B, Indirect Effect: 35.83); 45% of the
association between zinc exposure and higher ETP (Figure 2C, Indirect Effect: 34.18).
EDN1 hypomethylation showed to mediate 34% of the positive association between zinc
exposure and higher ETP (Figure 2D, Indirect Effect: 23.20).

DISCUSSION
In the present study based on a population of healthy individuals with well-characterized
measures of exposure to a wide range of metal-rich PM levels, we demonstrated
intermediate roles for decreased NOS3 and EDN1 methylation in the path linking inhalation
of PM and its metal components to coagulation activation. Our results showed remarkable
consistency in the observed relations among exposures, DNA methylation, and ETP. PM
mass and zinc exposure were found to exhibit effects on both ETP and DNA methylation. In
turn, we found a negative correlation of NOS3 and EDN1 methylation with ETP, suggesting
that the negative effects of the exposures on DNA methylation may result in increased
coagulation activity, as reflected in ETP. Mediation analysis confirmed that moderate-to-
large proportions of PM effects were mediated by decreased DNA methylation.

A key finding of our study is that DNA methylation of NOS3 and EDN1 promoters was
negatively associated with PM and zinc. Zinc have been proposed to play a central role in
PM-induced adverse health effects20,21. Our results suggest that zinc exposure induces
hypomethylation, which is expected to facilitate NOS3 and EDN1 expression. Our study
showed associations with relatively small differences in DNA methylation. This finding is
consistent with the effect sizes shown in previous investigations on the effects of PM on
blood DNA methylation7,27. At the level of one haploid genome, DNA methylation is
binary, rather than quantitative, as each allele is either methylated or unmethylated. The
methylation proportion commonly measured by DNA methylation analytic methods,
including pyrosequencing, is an overall measure of all the haploid genomes from the cells
constituting to the test samples. This percent measure reflects the proportion of haploid
genomes in the sample of cells from which the test DNA was purified that was found to be
methylated at the specific methylation site(s) investigated. Blood leukocytes include several
cell type subsets with specific interconnected functions. Standard immune regulation models
posit that small proportions of circulating leukocytes in specific subsets can initiate and
maintain inflammatory responses. As small differences in DNA methylation in blood may
be localized in a cell subtype with specific immune or inflammatory function and, therefore,
play critical roles in mounting inflammatory responses. Further research is needed to
identify the effects of PM on specific isolated leucocyte subtypes. Animal models have
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shown that smoke exposure – a source of direct exposure to PM at high concentrations –
induces NOS3 transcription30, and in-vitro experiments have shown that diesel exhaust
particulate extracts cause NOS3 activation and NO production31. NOS3 expression has been
extensively studied in endothelial cells and linked to antithrombotic activity via reduction of
platelet migration, aggregation, and adhesion to the endothelia. However NOS3 is expressed
at high levels also in circulating blood leukocytes, where it contributes to producing NO and
sustaining pro-inflammatory responses and subsequent activation of the coagulation
cascade10. NOS3-related NO production can also participate to generate reactive oxygen
species, which can also affect blood coagulation13. NOS3 deficient mice exhibit reduced
coagulation function, as reflected in longer time to occlusion in a model of carotid injury
and thrombosis32. NO generation by NOS isoforms in circulating leukocytes has been
suggested to participate in the PM-induced activation of inflammatory pathways that has
consistently been demonstrated in human observational studies, as well as in animal and in
vitro experiments33.

Elevated levels of EDN1 have been shown in blood of children34 and seniors35 exposed to
air pollution, as well as in cigarette smokers36. Previous investigations have demonstrated
that EDN1 is highly expressed in blood leukocytes, and that leukocyte-derived EDN1 can
start and sustain inflammatory reactions, and activate coagulation14.

Consistent with those previous findings, our study found negative associations between ETP
levels and DNA methylation of both EDN1 and NOS3 promoters.

In a recent work on the same population, we observed an association of PM exposure with
increased ETP26. Here we confirm the association of PM with ETP, and also report a
positive association between zinc exposure and ETP. ETP represents the total amount of
thrombin generated in plasma that results from the balance of the pro- and anticoagulant
drivers. Increased ETP has been proposed as a global index of hypercoagulability and has
been associated with increased risk of recurrent venous thromboembolism in prospective
studies25. Taken together, our results provide further evidence for PM procoagulant effects
and indicate DNA methylation of NOS3 and EDN1 as epigenetic alterations underlying PM-
related hypercoagulability. Our mediation analysis confirmed this finding by formally
testing that decreased blood DNA methylation in both genes is a mediator of the effects of
the exposures on coagulation.

Blood leukocytes are a mixed cell population and data from a previous combined analysis of
DNA methylation studies has suggested that changes in the proportions of leukocyte cell
types may affect DNA methylation37. In our study, we ensured that associations with DNA
methylation of NOS3 and EDN1 were independent of differences in the proportions of major
cell types by adjusting all results by percent monocytes in multivariable models, as well as
by conducting sensitivity analyses further adjusting for lymphocyte and monocyte
proportions. However, because we used unfractionated leukocytes, we cannot determine
which of the leukocyte subtypes was sensitive to the effects of the exposure on DNA
methylation. DNA methylation of genes activated during acute-phase responses may
decrease rapidly even in the absence of any cell division,38 so, it is plausible that PM effects
on NOS3 and EDN methylation observed in our study may represent actual changes in DNA
methylation within cells. On the other hand, it is also equally plausible that cells with
specific methylation patterns may proliferate in response to PM and determine an overall
change in DNA methylation profiles as measured on unfractionated blood DNA.

We also note that the effects observed in blood leukocytes cannot be extended to other
relevant cell types, such endothelia and other vascular tissues. Future studies investigating
isolated leukocyte subtypes and additional tissue types are warranted.
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Our statistical approach modeled the overall DNA methylation over multiple CpG sites
measured in each of the two genes we evaluated. This approach is consistent with the notion
that adjacent CpG sites tend to have correlated methylation values and may act in concert to
control gene expression39. Exploratory analysis of individual CpG sites did not show major
departures at any of the sites from the findings on the overall gene methylation.

The study participants showed a wide range of exposure levels, owing to the differences in
PM levels in the different job positions across the work facility. The differences in the
estimated individual levels of exposure in our study group were large (range=73–1220 μg/
m3) and provided sufficient contrast for identifying exposure-related changes in DNA
methylation. A major advantage of our approach is that we could obtain a large contrast in
exposures without including an external reference population of individuals working outside
the factory. In studies of occupational groups, inclusion of referents working in a different
workplace has been demonstrated to have high potential for bias due to differences in
personal characteristics determining hiring into the different types of jobs, such as
socioeconomic factors or physical constitution40.

The observed associations showed remarkable internal coherence, as well as consistency
with previous experimental and observational data. Also, the wide ranges of estimated
personal levels of exposure and relatively controlled environment in the foundry provided a
setting that was extremely well-suited for evaluating exposure-related effects, while
reducing bias and chance findings4. However, although foundry workers in our study were
in a modern facility with state-of-art systems for exposure reduction, we cannot exclude that
exposures other than PM and metals, such as heat, carbon monoxide, and non-ionizing
radiations might have contributed to the observed effects7. Some common SNPs in
coagulation pathway genes have been significantly associated with ETP41. Whereas the
investigation of gene-epigene interactions would further the understanding of the biological
processer related to PM-induced ETP activation, the small sample size precluded to pursue
this objective in the present study.

We analysed DNA methylation, a primary epigenetic mechanism regulating the expression
of human genes, but we did not measure mRNA expression of the same genes. DNA
methylation alterations, once established, are relatively persistent and therefore particularly
amenable to capture environmental effects on gene reprogramming. Conversely, mRNA
expression is highly variable and shows dramatic fluctuations even over a short time span
(e.g., hours). In facts low DNA methylation is found not just in genes that are active at the
exact time of their assessment, but also in genes that are poised to be activated in the
presence of other molecular signals. Consequently, mRNA expression in human in-vivo
studies has often been found to be uncorrelated with DNA methylation42. For our study, we
selected two candidate genes (NOS3 and EDN1) that have important functions in mediating
PM effects and have been shown to be regulated by DNA methylation, thus maximizing the
functional significance of our observations, as also confirmed by the associations of their
methylation levels with ETP. The extent to which differences in methylation in other genes
are involved in mediating the procoagulant effects of PM and metal exposures remains to be
determined.

Our results linked for the first time a test for global coagulation function such as thrombin
generation assessed by ETP and DNA hypomethylation of inflammatory genes with
procoagulant functions in blood leukocytes, and – in turn – DNA hypomethylation of the
same genes and PM and PM metal components exposures. Among the metal components
evaluated, we found associations with zinc levels, consistent with previous studies showing
that zinc exposure activates blood coagulation19. Our results, as also supported by mediation
analysis, indicate that reduced methylation of NOS3 and EDN1 is a potential intermediate
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mechanism underlying the effects of PM and metals on blood coagulation. To the best of our
knowledge, this is the first time that DNA methylation has been formally considered as a
mediator for the relationship between PM and blood coagulation.The proportion of
mediation of NOS3 methylation in the relationship between PM1 or PM10 and ETP
represented a modest, but not negligible, effect. The proportions of effect of zinc on ETP
mediated by NOS3 or ET1 were moderately larger. Due to the small sample size, our
estimates of proportions mediated may lack in precision. Further studies with a larger
sample size are warranted to confirm the findings of the present investigation.
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Refer to Web version on PubMed Central for supplementary material.
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ETP Endogenous Thrombin Potential
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PM particulate matter

PM1 PM≤1 μm in aerodynamic diameter
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WHAT IS KNOWN

Particulate matter exposure is associated with increased coagulation and thrombosis,
but the biological mechanism has not yet been clarified.

DNA methylation represents a potential mechanism because it can be modified by
environmental risk factors.

Foundry workers are exposed to PM components and show increased cardiovascular
risk

WHAT THIS PAPER ADDS

In a group of foundry workers PM and zinc exposure levels were negatively
associated with DNA methylation in leukocyte and in turn DNA hypo-methylation
resulted associated to increased ETP.

Our study showed that gene hypomethylation contributes to environmentally-
induced hypercoagulability.
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Figure 1. Associations of NOS3 (A) and EDN1 (B) blood DNA methylation with Endogenous
ETP
The scatterplot shows the mean methylation values [between measures at sample1 and
sample 2] of the CpG sites measured at each gene sequences.
Regression coefficients (β) and corresponding p-values adjusted for age, BMI, current
smoking status (yes/no), NSAID, and % monocytes are reported. The regression coefficients
express the effect on ETP estimated for one unit increase in NOS3 and EDN1.
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Figure 2. Mediation of the effect of the exposures on ETP through NOS3 and EDN1
hypomethylation
Results from mediation analysis on (A) PM10, NOS3, and ETP; (B) PM1, NOS3, and ETP;
(C) zinc, NOS3, and ETP; (D) zinc, EDN1, and ETP. The figure shows, for the two potential
mediators (NOS3 or EDN1 methylation), the βs obtained from the mixed-effect mediation
models, the estimates of indirect effect (IEs), and proportion of mediation.
β1 is an estimate of the decrease in DNA methylation caused by the exposures; β2 is an
estimate of the increase in ETP for each unit decrease in DNA methylation
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Table 1

Estimated personal exposure levels to PM and metals
a
 (n=63)

Pollutants (μg/m3) Mean (SD) Min 25th percentile Median 75th percentile 90th percentile Max

PM10 233.4 (214.6) 73.7 152.2 179.4 222.9 383.5 1220.2

PM1 8.5 (6.2) 1.7 3.5 9.0 11.4 13.3 30.5

Aluminium 8.5 (18.1) 0.4 1.5 2.0 7.4 13.9 84.1

Manganese 11.3 (30.4) 0.1 1.2 4.6 10.8 17.0 174.8

Nickel 0.3 (0.2) 0.0 0.2 0.3 0.5 0.5 0.7

Zinc 18.9 (26.4) 0.3 1.5 8.5 32.3 36.4 129.1

Arsenic 0.1 (0.1) 0.0 0.0 0.1 0.2 0.3 0.3

Lead 7.5 (17.5) 0.1 0.6 2.9 9.5 10.8 99.9

Iron 32.0 (22.1) 1.0 18.0 25.6 48.7 59.8 88.4

Chromium 0.1 (0.1) 0.0 0.0 0.1 0.1 0.1 0.5

a
Metals were measured in PM10.
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Table 2

Association of PM and metals with blood NOS3 and EDN1 methylation.

NOS3 EDN1

Exposures β 
c (95% CI) β 

c (95% CI)

Unadjusted regression

 PM10 −0.2 (−0.34 −0.03) −0.02 (−0.1; 0.1)

 PM1 −0.7 (−1.3; −0.1) 0.1 (−0.3; 0.60)

  Aluminium −0.08 (−0.2; 0.08) −0.05 (−0.2; 0.07)

  Manganese −0.03 (−0.2; 0.1) −0.03 (−0.1; 0.08)

  Nickel −0.1 (−0.8; 0.5) −0.2 (−0.7; 0.3)

  Zinc −0.8 (−1.4; −0.3) −0.3 (−0.7; −0.1)

  Arsenic 0.1 (−0.6; 0.9) −0.3 (−0.9; 0.2)

  Lead −0.1 (−0.4; 0.1) −0.07 (−0.2; 0.1)

  Iron −0.6 (−1.3; 0.07) −0.2 (−0.7; 0.3)

  Chromium −0.1 (−0.4; 0.1) −0.03 (−0.2; 0.2)

Multivariable regression 
b

 PM10 −0.2 (−0.4; −0.03) 0.02 (−0.1; 0.1)

 PM1 −0.8 (−1.4; −0.1) 0.3 (−0.2; 0.7)

  Aluminium −0.08 (−0.2; 0.1) −0.03 (−0.2; 0.09)

  Manganese −0.05 (−0.2; 0.1) 0.02 (−0.1; 0.1)

  Nickel −0.2 (−0.8; 0.5) −0.1 (−0.6; 0.3)

  Zinc −0.9 (−1.4; −0.3) −0.3 (−0.8; −0.1)

  Arsenic 0.02 (−0.7; 0.8) −0.3 (−0.8; 0.3)

  Lead −0.2 (−0.4; 0.1) 0.00 (−0.2; 0.2)

  Iron −0.7 (−1.4; −0.01) −0.2 (−0.7; 0.3)

  Chromium −0.1 (−0.4; 0.1) 0.03 (−0.2; 0.2)

a
To estimate long-term effects of PM mass and PM metal component, the level of estimated individual exposure to PM mass and PM metal

component, taken as a measure of usual exposure to particles, was examined in relation to all the measures of DNA methylation performed in the
study, regardless of whether they were measured on samples taken on the first day of work (i.e., after 2 days off) or after 3 consecutive days of
exposure to PM mass and PM metal component in the plant. In the models, the two samples collected at different times are exchangeable, thus
assuming that PM mass and PM metal component effects operating over an extended time frame produced similar modifications at the two time
points.

b
Multivariable mixed models adjusted for age, BMI, current smoking status (yes/no), NSAID, %Monocytes.

c
β for an increment equal to the difference between the 75th and 25th percentile of PM mass and PM metal component.
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Table 3

Association of PM and metals with Endogenous ETP

Exposures β 
a (95% CI)

Unadjusted regression

 PM10 17.9 (0.9; 34.8)

 PM1 85.0 (20.0; 149.9)

  Aluminium 9.7 (−7.4; 26.9)

  Manganese 1.9 (−14.5; 18.4)

  Nickel 14.4 (−54.9; 83.8)

  Zinc 43.8 (−17.0; 104.5)

  Arsenic −30.8 (−112.2; 50.7)

  Lead 6.6 (−20.0; 33.3)

  Iron 43.9 (−28.9; 116.7)

  Chromium 18.5 (−8.1; 45.0)

Multivariable regression 
b

 PM10 20.0 (3.0; 37.0)

 PMT 80.8 (14.9; 146.7)

  Aluminium 7.5 (−9.6; 24.5)

  Manganese 7.4 (−9.6; 24.5)

  Nickel 19.2 (−47.5; 85.9)

  Zinc 51.3 (0.01; 111.1)

  Arsenic −1.6 (−82.6; 79.4)

  Lead 15.3 (−11.9; 42.6)

  Iron 53.6 (−16.5; 123.7)

  Chromium 22.9 (−4.0; 49.8)

a
Regression coefficient (β) for an increment equal to the difference between the 75th and 25th percentile of PM or metals.

b
Multivariable mixed-effect models adjusted for age, BMI, current smoking status (yes/no), use of NSAID, and %monocytes.
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